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Abstract. Climate change can have a broad range of effects on ecosystems and organisms, and early
responses may include shifts in vegetation phenology and productivity that may not coincide with the ener-
getics and forage timing of higher trophic levels. We evaluated phenology, annual height growth, and foliar
frost responses of forbs to a factorial experiment of snow removal (SR) and warming in a high-elevation
meadow over two years in the Rocky Mountains, United States. Species included arrowleaf balsamroot
(Balsamorhiza sagittata, early-season emergence and flowering) and buckwheat (Eriogonum umbellatum, semi-
woody and late-season flowering), key forbs for pollinator and nectar-using animal communities that are
widely distributed and locally abundant in western North America. Snow removal exerted stronger effects
than did warming, and advanced phenology differently for each species. Specifically, SR advanced green-
up by a few days for B. sagittata to >2 wk in E. umbellatum, and led to 5- to 11-d advances in flowering of
B. sagittata in one year and advances in bud break in 3 of 4 species/yr combinations. Snow removal
increased height of E. umbellatum appreciably (~5 cm added to ~22.8 cm in control), but led to substantial
increases in frost damage to flowers of B. sagittata. Whereas warming had no effects on E. umbellatum, it
increased heights of B. sagittata by >6 cm (compared to 30.7 cm in control plots) and moreover led to
appreciable reductions in frost damage to flowers. These data suggest that timing of snowmelt, which is
highly variable from year to year but is advancing in recent decades, has a greater impact on these critical
phenological, growth, and floral survival traits and floral/nectar resources than warming per se, although
warming mitigated early effects of SR on frost kill of flowers. Given the short growing season of these
species, the shifts could cause uncoupling in nectar availability and timing of foraging.
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INTRODUCTION
Experimental simulations of climate change
provide valuable insights for identifying and
understanding the potential impacts of changing
environmental conditions on ecosystems. Climate
predictions indicate that temperatures, particu-
larly daily minimum temperatures, are increasing
and snowpack is decreasing (Alward 1999,
Easterling et al. 2000, Braganza et al. 2004). The
western United States is already experiencing a
trend toward warmer temperatures and drier con-
ditions primarily due to decreasing snowpack
(Mote 2003). Long-term trends in annual mean
temperatures in the Colorado Rocky Mountains
indicate that temperatures are rising an average
of 0.5–1°C per decade with the largest increases
occurring during the winter and summer months
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(Diaz and Eischeid 2007, Ray et al. 2008, Saun-
ders et al. 2008, Clow 2010, Rangwala and Miller
2010, 2012). As more climate changes are
observed and recorded throughout the world, it is
increasingly necessary to understand how these
changes in daily minimum temperatures and
snowpack affect ecosystems. Therefore, it is impor-
tant to study not only how changing temperatures
may impact ecosystems, but how the potential
synergistic effects of increased temperature and
decreased snowpack may affect ecosystems.
We investigated how changes in snowpack
and temperature affected phenology, frost kill, and
growth in a mixed sagebrush (Artemisia sp.) and
forb montane meadow. Montane systems have a
short growing season and are highly sensitive to
climatic variation, particularly with respect to tem-
perature and snow cover. Winter snowpack plays
a pivotal role in meadow ecosystems, not only by
providing water during the spring snowmelt, but
also by acting as an insulator to plants and ani-
mals throughout the winter and in early spring
when temperatures may drop below freezing dur-
ing the nighttime. Snowmelt initiates springtime
growth and earlier snowmelt could drive early-
emerging plant species to initiate growth earlier
when temperatures are still hovering near freez-
ing, resulting in frost damage (Walker et al. 1995,
Price and Waser 1998, Dunne et al. 2003, Inouye
2008, Wipf et al. 2009, CaraDonna and Bain 2016).
Given the strong positive correlation between
earlier flowering and earlier snowmelt, late-season
snow storms and frost are likely to have a greater
effect on the earlier-flowering species (Price and
Waser 1998, Dunne et al. 2003, Miller-Rushing
and Inouye 2009).
Snow manipulation studies provide insight
into how climate change may affect these ecosys-
tems and have shown consistently that decreased
snow depth and earlier snowmelt date result in
earlier plant phenology (e.g., Dunne et al. 2003,
Aerts et al. 2004, Wipf et al. 2009, Wipf 2010). In
addition, plant responses to changing conditions
can be different than insect responses, resulting in
phenological mismatches (e.g., Visser and Holle-
man 2001, Kudo and Ida 2013). Montane mead-
ows support a high diversity of insect, bird, and
mammal species, and each of these taxa could be
adversely affected by frost-damaged plants or
mismatches between plant and animal pheno-
logical patterns, resulting in problems associated
with pollination services, seed dispersal, or food
resources.
The overall goal of this research was to quantify
the effects of snow manipulation and passive
warming on plant phenology of two forb species
that are important nectar sources for the pollina-
tor community (Auckland et al. 2004, Ogle et al.
2011). Previous warming methods have primarily
relied on systems (active and passive) that
increase daily maximum temperatures (e.g., Ken-
nedy 1994, Convey and Wynn-Williams 2002,
Bokhorst et al. 2008). Given that we were inter-
ested in the effect of early snowmelt on plant
phenology and the potential for damaging spring-
time freezing or frost events, we chose to use an
open-sided passive warming chamber approach
design that increases minimum temperatures with
effects most notable at night and not maximum
temperatures during daytimes, which is a more
concise simulation of early greenhouse gas warm-
ing effects (Germino and Smith 1999). Another
benefit of the open-sided chamber (OSC) is that it
requires no electricity and does not create hori-
zontal barriers to wind, precipitation, insects, or
small animals.
Our experimental manipulations allowed us to
test whether plant growth and phenology (bud
break, flowering, and senescence) were affected
by earlier snowmelt date and/or increased temper-
ature, particularly at night. We hypothesized that:
1. Earlier snowmelt resulting from reduced
snowpack would result in earlier phenology
(emergence, bud break, flowering, and senes-
cence) and increased vegetative growth, and
the combination of snow removal (SR) and
warming would increase the response.
2. Warming would result in less frost damage
of plant tissues and higher bud survival,
whereas SR would result in greater damage.
MATERIALS AND METHODS
The study was conducted during 2010–2012 in
a flat montane meadow in Grand Teton National
Park, Wyoming, United States, at an elevation of
2100 m. The meadow had a relatively homoge-
neous plant community composition with a com-
bination of sagebrush (Artemesia arbuscula ssp.
thermopola in plots, and Artemesia tridentata ssp.
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vaseyana in the surrounding area), flowering
forbs and grasses, and a high percent cover of
bare ground (on the order of 50% or more). The
substrate consists of alluvium and cobbly, glacial
outwash that were deposited after the Pinedale
glaciers receded, resulting in a very permeable
soil surface (Martin 2008). The regional climate is
characterized by a mean annual precipitation of
53 cm, most of which falls as snow in the winter
months. The region averages over 3.5 m of total
annual snow cover, with January having the
greatest accumulation of ~1 m (Western Regional
Climate Center). Snow cover typically begins to
accumulate in October and melts away by (or
during) May. December and January are typi-
cally the coldest months with an average daily
maximum temperature of 3°C, while July and
August are the warmest months (average
high = 25°C, respectively; Western Regional
Climate Center). The typical growing season for
forbs and grasses lasts until late August to early
September, with maximum greenness occurring
approximately mid-June (Debinski et al. 2000).
Depending on snow depth and springtime tem-
peratures, meadow vegetation typically starts to
emerge and green-up in mid- to late May. The
earliest plant species to emerge and green-up, as
well as to senesce, are the grasses and forbs
(Blaisdell 1958, Debinski et al. 2000).
We established twelve 2.4-m2 plots at approxi-
mately 5 m distance apart and regularly assigned
the following treatments to each of three plots
(Appendix S1: Fig. S1): (1) heating (H), (2) snow
removal (SR), (3) snow removal + heating (HSR),
and (4) untreated controls (C). Note that we are
using the term heating to refer to our specific
treatments while warming is used to describe a
broader phenomenon associated with climate
change. Sites were marked for the duration of the
experiment by using 12 cm wide plastic land-
scape edging around the perimeter of each plot
buried flush with the ground. The edging did not
affect movement of invertebrates or rain.
Minimum nighttime warming was achieved
by adapting the OSC design devised by Germino
and Smith (1999) to have a roof of clear plastic
slats arrayed in a louver-like fashion as in Ger-
mino and Demshar (2008), but enlarged for use
in the current study. The plastic roof of the OSC
increases daily minimum temperatures of plant
and soil surfaces (by ~2°C) by passively
increasing the downwelling infrared (longwave,
or thermal) radiation to plant and soil surfaces
(see Germino and Smith 1999 for validation of
radiation effects). The OSCs used in this study
are particularly ideal in environments such as in
montane meadows in Grand Teton National Park
that have mostly clear skies in the growing sea-
son and minimal tree cover that would otherwise
moderate radiation balances.
The OSCs were placed on the site at the time of
SR (late April to early May) and remained until the
end of the growing season (late September to mid-
October). The OSCs consisted of a 2.4 9 2.4 m
wood frame open to the environment on all sides.
The louvered roof of the OSCs were comprised of
4 cm wide clear Optix Acrylic panels (>95% trans-
mittance of sunlight) placed at 50° angles every
10 cm. The panels were angled in opposite direc-
tions toward the center so that the panels met at an
angle in the center of the OSC. Panels were suffi-
ciently spaced so that they did not prohibit move-
ment of precipitation. The tops of the OSCs were
approximately 30 cm from the ground to remain
above maximum height of the vegetation.
We modified available snowpack to decrease
available moisture and insulation in the SR treat-
ments. For the spring SR treatment, 0.75 m of
snow was removed on May 11, 2011, and 0.6 m
of snow was removed a month earlier in 2012, on
April 15, due to a relative warm spring and rapid
snowmelt. For context, 2011 had 1052 mm of
precipitation for the water year (October 1–
September 30, of the following year), whereas
2012 had 846 mm of precipitation (Snowtel
data from Basecamp, Wyoming, site 314; http://
www.wcc.nrcs.usda.gov/index.html). The aver-
age annual precipitation for this site during
1981–2010 was 808 mm. Care was taken to place
shoveled snow away from the plots to avoid
potentially introducing more moisture from
snowmelt. We were also careful at the time of SR
to avoid trampling the experimental area by
working along the outside edges of the plots.
Approximately 2 cm of snow was left on the
plots to reduce plant damage from the shovels,
and allowed to melt naturally. The dense spring
snowpack we removed is about 50% water by
volume (http://cdec.water.ca.gov/snow/misc/den
sity.html) and the amounts removed equate to
approximately half of the annual precipitation. A
combination of warming and snow reduction
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was applied using the methods described above.
In addition, three control plots were established
that remained unmanipulated throughout the
growing season. Three blocks of each of the four
treatments were established and treatments
within the blocks were randomly assigned.
Soil moisture and soil temperature were mea-
sured throughout the growing season. We
installed Decagon 5TM soil moisture probes
(Decagon Devices, Pullman, Washington, USA)
in the center of each plot at 25 cm depth at the
time of OSC placement and SR in 2011 (probes
were left in place between 2011 and 2012). Soil
moisture meters were placed horizontally with
the flat side parallel to the soil surface in the bare
soil microsites separating plants (basal gaps were
~10 to >50 cm in diameter) with as little soil dis-
turbance and careful repacking of soil. In this
xeric system, there is ample bare ground between
plants, so we were able to place the meters into
the soil without disturbing any plants. The total
region of soil disturbance for the initial sensor
placement was just over 10 9 3.2 9 25 cm (the
dimensions of the probe and depth of the hole).
Soil moisture was measured in one-hour inter-
vals using Em50 data loggers (Decagon Devices,
Pullman, Washington, USA) from the time of SR
until the end of the growing season in October.
Soil surface temperatures were measured hourly
using Hobo pendant temperature data loggers
(Onset Computer, Bourne, Massachusetts, USA)
placed in the center of each plot.
Vegetation surveys were conducted after initial
snowmelt and continued throughout the grow-
ing season in 2011 and 2012. Vegetative develop-
ment and reproductive phases were observed
and recorded for the two dominant perennial
plant species, arrowleaf balsamroot (Balsamorhiza
sagittata) and wild buckwheat (Eriogonum umbel-
latum). Balsamorhiza sagittata is an early-emerging
deciduous perennial forb whose shoots emerge
from the soil in May (Fig. 1A), with large showy
composite inflorescences on relatively long, indi-
vidual stalks. The flowers and leaves senesce
during the summer months, typically around the
last half of June/early July. Eriogonum umbellatum
is a woody perennial that forms broader mats
with relatively more numerous and smaller ever-
green leaves that green-up in the spring after
turning red in the fall (Fig. 1B). Each plant forms
multiple flower stalks with a single umbel
containing clusters of tiny flowers beginning in
June and lasting throughout most of July.
Phenology for each species was monitored and
phenophase (emergence/green-up, bud break,
flowering, and senescence) recorded for plants
within each plot. Frost damage was also recorded;
however, the resulting data differed for the spe-
cies. Balsamorhiza sagittata blooms in early spring
and its flowers are more exposed to spring frost,
and E. umbellatum initiates growth and flowering
later in the season when frosts are rarer. We also
recorded the number of frost-killed buds and
flowers in each plot during each sampling period,
and whereas frost-killed tissues were common on
B. sagittata, they were never evident and thus not
further quantified on E. umbellatum.
Phenology assessments and growth measure-
ments were recorded 1–2 times/wk from early May
through late July each year. Given that the mature
plant forms of B. sagittata and E. umbellatum are
very different (Fig. 2A, B), we used maximum leaf
Fig. 1. The first phenological stages measured at the
beginning of the growth season for (A) Balsamorhiza
sagittata and (B) Eriogonum umbellatum.
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height for B. sagittata and maximum E. umbellatum
inflorescence height as measures of plant stature,
and, indirectly, growth. For B. sagittata, we
tracked phenology and leaf height of individual
plants, whereas for E. umbellatum, we measured
the tallest10 inflorescences within each of the four
plot quadrants and categorized them in terms of
phenology.
Statistical methods for assessing effects of
treatments on soil moisture and surface
temperature
We used a randomization-based approach in
order to evaluate the effect of warming and
snow manipulation on soil moisture and surface
temperature, separately for each year. We com-
pared sets of time series data (soil moisture or
temperature) to test for differences between
treatments. Randomization tests are nonpara-
metric, so no assumptions are necessary regard-
ing the statistical distributions of the data. We
used the area under the (point-to-point) differ-
ence time series, and computed the area under
this curve numerically, using Simpson’s rule, in
the package StreamMetabolism within the statis-
tical software R (R Development Core Team
2015) using an approach similar to Rocchetti and
De Nicolao (1990). For the temperature series
data, we considered the 5 a.m. soil surface tem-
peratures between all treatment groups (C, H,
SR, and HSR). For the soil moisture data, we
used hourly values measured at 25 cm depth to
compare SR treatments (SR and HSR) and NoSR
treatments (C and H). Appendix S1 contains
additional details on the randomization test pro-
cedure. Note that in some cases, the smallest
possible P-value was larger than 0.5, so we have
included P < 0.1 in that case.
Statistical methods for assessing change in plant
phenology and frost damage
The date for the first occurrence was calculated
for each phenological event (emergence/green-
up, bud break, flowering, and flower senescence)
in each plot across the four treatments (C, H, SR,
and HSR). The dates for the first occurrence of
each phenophase were recorded as the point in
time when the majority of plants (>50%) in the
plots entered that phase. One of the H plots was
determined to be an outlier and not included in
the B. sagittata analysis as the plants were not
fully developed or flower producing.
To assess the effects of frost damage in B. sagit-
tata, we calculated the proportion of frost-killed
buds and early flowers by dividing the number
of frost-killed bud and early flowers by the total
number of buds per plant and compared these
proportions across treatments. A square root
transformation was used to correct heteroskedas-
ticity. Data for 2012 were problematic because
(1) there was no variability in the control plot (all
values were 1 due to 100% frost-killed buds) and
(2) there was high variability in the data from the
HSR treatment. For these reasons, we compared
only the data from the H and SR treatments by
conducting a two-sample t test for normal and
homoskedastic data.
We calculated the maximum leaf height of
B. sagittata as the average of the maximum
Fig. 2. Mature plant forms for (A) Balsamorhiza sagit-
tata and (B) Eriogonum umbellatum.
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height reached for all plants in each treatment
plot considered. Similarly, the maximum inflo-
rescence height of E. umbellatum was calculated
by averaging all the measured inflorescence
heights from each quadrant within each treat-
ment plot. We used one-way ANOVAs to com-
pare the effect of each treatment (SR, H, and
HSR) on the timing of phenological events, per-
centage of frost-killed buds, and overall leaf/
flower height. When an effect was significant,
post hoc Tukey’s HSD (honest significant differ-
ence) multiple comparisons were made to assess
differences between individual means for each
treatment. Analyses of plant responses were
performed in JMP 12 Pro (SAS Institute, Cary,
North Carolina, USA) using a = 0.05. We focus
our discussion of results on the main treatment
effects, but to be thorough, we have presented all
comparisons.
RESULTS
Soil moisture and soil temperature
Heating treatments increased morning temper-
ature, and SR treatments reduced soil moisture
across the growing season (2011 data are shown as an example in Figs. 3, 4; P-values for 2011
temperature comparisons were as follows:
C < H: 0.1, C < SR: 0.05, C < HSR: 0.05, SR < H:
0.1, SR < HSR: 0.05, H < HSR: 0.1. See App-
endix S1 for details on how the randomization
tests were performed). Snow removal signifi-
cantly reduced soil moisture in both 2011 and
2012 (P-values for the test comparing SR plots to
No-SR plots were 0.01 and 0.02 for 2011 and
2012, respectively). H treatments marginally
increased soil moisture but only during early-
season months when soil water was abundant
and thus likely not limiting growth in both 2011
and 2012 (the P-values corresponding to the test
comparing the H plots to the C and SR plots
were 0.06 and 0.08, respectively).
Phenological responses
Snow removal with or without heating caused
Balsamorhiza sagittata to emerge one to four days
earlier than control plots, and advanced its flow-
ering by 6 to >15 d, and advanced its bud break
by 8 d in 2011 in unheated plots and 5 d in 2012
in combination with heating (HSR; Table 1;
P < 0.05). Heating (H) had no direct effects on
phenology. Snow removal advanced green-up of


























Fig. 3. Time series of the soil surface temperature in
the experimental plots in 2011. Each summary series is
computed as the median hourly value for the plots that
received the heating treatment (heating + snow
removal [HSR] and heating [H]) and the plots where
there was no heating (snow removal [SR] and control
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Fig. 4. Time series of the median volumetric water
content of the soil (soil moisture) for the experimental
plots for 2011. Each summary series is computed as
the median hourly value for the plots that received the
snow removal (heating + snow removal [HSR] and
(snow removal [SR]) and the plots where there was no
snow removal (heating [H] and control [C]). N = 4
plots/treatment.
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Eriogonum umbellatum by 6.5 to >13 d in
unheated or heated plots and advanced bud
break by about 8 d in 2012, most significantly in
heated plots (Table 2; P < 0.05). H had no
effects.
Frost damage
Frost and freezing damage resulted in signifi-
cant damage to buds and early flowers of
B. sagittata in both years (Table 3). The highest
proportion of frost-killed buds occurred in the SR
treatment with close to 70% (66 out of 96 buds) of
all buds killed during the 2011 growing season.
This was significantly different from each of the
heating treatments (H and HSR) where less
than 2% (one out of 46 buds) of buds in H
(P = 0.001) and 3% (two out of 63 buds) in HSR
(P = 0.004) treatments were killed. The proportion
Table 1. Summary of all pairwise comparisons of Balsamorhiza sagittata phenological events by treatment.
Comparison










C—SR 2.0 0.022 8.7 <0.001 15.7 <0.001 1.7 0.788
C—H 0 1 1.3 0.584 2.0 0.824 3.3 0.402
C—HSR 1.3 0.119 6.7 <0.001 14.3 0.001 0 1
SR—H 2.0 0.037 10.0 <0.001 13.7 0.003 5.0 0.142
SR—HSR 0.7 0.578 2.0 0.212 1.3 0.915 1.7 0.788
HSR—H 1.3 0.172 8.0 <0.001 12.3 0.005 3.3 0.402
(B) 2012
C—SR 4.0 <0.0001 1.0 0.5784 6.0 0.0368 N/A N/A
C—H 0 1 2.0 0.1717 4.0 0.2363 N/A N/A
C—HSR 4.0 <0.0001 5.0 0.0013 11.0 0.0014 N/A N/A
SR—H 4.0 <0.0001 3.0 0.0368 2.0 0.7234 N/A N/A
SR—HSR 0 1 4.0 0.0048 5.0 0.0791 N/A N/A
HSR—H 4.0 <0.0001 7.0 0.0003 7.0 0.0303 N/A N/A
Notes: Abbreviations for the treatments in soil moisture results are as follows: C, control; SR, snow removal only; H, heating
only; HSR, snow removal + heating. Differences in means are reported as Julian days. Tukey–Kramer correction was used for
multiple comparisons. Positive values indicate advances in time for the latter treatment relative to former. P ≤ 0.05 are noted in
boldface. In each comparison, df = 7 (one plot was not included because it had no flowering plants).
Table 2. Summary of all pairwise comparisons of Eriogonum umbellatum phenological events by treatment.
Comparison
Green-up Bud break Flowering
Difference in means P Difference in means P Difference in means P
(A) 2011
C—SR 10.7 0.028 0.5 0.813 7.3 0.109
C—H 1.3 0.967 0.7 0.655 0.0 1.000
C—HSR 13.3 0.008 0.3 0.932 3.0 0.709
SR—H 9.3 0.052 0.2 0.990 7.3 0.109
SR—HSR 2.7 0.803 0.2 0.990 4.3 0.447
HSR—H 12.0 0.015 0.3 0.932 3.0 0.709
(B) 2012
C—SR 6.7 0.049 7.3 0.075 4.7 0.414
C—H 1.3 0.915 2.3 0.792 2.3 0.845
C—HSR 9.7 0.007 8.7 0.036 2.3 0.845
SR—H 5.3 0.120 5.0 0.269 2.3 0.845
SR—HSR 3.0 0.506 1.3 0.949 2.3 0.845
HSR—H 8.3 0.016 6.3 0.131 0.0 1.000
Notes: Abbreviations for the treatments in soil moisture results are as follows: C, control; SR, snow removal only; H, heating
only; HSR, snow removal + heating. Differences in means are reported as days. Tukey–Kramer correction was used for multi-
ple comparisons. P ≤ 0.05 are noted in boldface. In each comparison, df = 8.
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of frost-killed buds in the C (18 out of 48 buds)
was significantly different than in both the H
(P = 0.009) and HSR (P = 0.02) treatments but not
than the SR treatment (P = 0.35). In 2012, plants
emerged almost 20 d earlier compared to 2011,
and thus were exposed to more freeze events dur-
ing early growth. As a result, all of the buds and
early flowers in the C (100%) and a majority in
the SR (~95%) treatments were killed due to frost
and freezing events. In addition, we noted large
unexplained variability between the HSR plots.
As a result, we only compared the H and SR treat-
ments. The H treatment in 2012 again resulted in
significantly less frost-killed buds and early flow-
ers (one out of 21) than the SR treatment (100 out
of 107 buds; P = 0.002).
Height of plants
Balsamorhiza sagittata heights were 6.26 cm
taller in H and 5.4 cm taller in HSR compared to
C (average height = 30.7 cm) in 2012 (Table 4;
P < 0.05), whereas in 2011 only H significantly
increased heights (difference of 6.13 cm P = 0.03,
data not shown) over C (average height = 33.8 cm).
Snow removal + heating had the largest effect
on E. umbellatum, increasing heights by 9.5 cm
compared to C (average height = 22.8 cm), while
SR increased E. umbellatum heights by 7.83 cm in
2012 (Table 4; P < 0.05). No significant differ-
ences were found for E. umbellatum in 2011.
DISCUSSION
We have focused our assessments on two of the
most widespread and conspicuous forbs in non-
forested western U.S. landscapes. They occur
together, but represent two contrasting life history
strategies, thus allowing us to understand
responses to the treatments from a more general-
ized perspective. Because Balsamorhiza sagittata is
one of the first species to flower, it was an excel-
lent species in which to assess effects of treat-
ments on frost-killed buds. Alternatively, because
Eriogonum umbellatum is a woody perennial with
evergreen leaves, it allowed us to detect effects
of treatments on the rate of leaf green-up and
late-season phenological responses. In addition,
B. sagittata is a large-leaved plant, whereas
E. umbellatum has much smaller leaves, so it may
not be surprising that they would express differ-
ential responses to changes in the amount of long-
wave thermal radiation. Taken together, we were
able to infer some important implications regard-
ing expected climate change responses of alpine
plants from the perspective of (1) phenology,
(2) frost kill, and (3) growth.
Table 3. Summary of all pairwise comparisons of pro-
portion of Balsamorhiza sagittata frost-killed buds by
treatment.










Notes: Abbreviations for the treatments in soil moisture
results are as follows: C, control; SR, snow removal only; H,
heating only; HSR, snow removal + heating. Differences in
means are reported as overall proportion of frost-killed buds.
Values from 2011 were square-root-transformed due to
unequal variances. The only comparison made in 2012 was
between SR and H. Tukey–Kramer correction was used for
multiple comparisons. P ≤ 0.05 are noted in boldface. In each
2011 comparison, df = 7. In 2012, df = 3.
Table 4. Comparison of 2012 Balsamorhiza sagittata
maximum leaf height measurements and Eriogonum
umbellatum maximum flower stalk height by treat-
ment for all pairwise comparisons.
Comparison Difference in means P








(B) Maximum flower stalk







Notes: Abbreviations for the treatments in soil moisture
results are as follows: C, control; SR, snow removal only;
H, heating only; HSR, snow removal + heating. Differences
in means are reported as height in cm. Tukey–Kramer correc-
tion was used for multiple comparisons. P ≤ 0.05 are noted in
boldface. In each comparison, df = 8.
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Overall, we found that a reduction in snowpack
had significant effects on phenology, resulting in
earlier emergence, bud break (B. sagittata), flower-
ing (B. sagittata), and green-up (E. umbellatum)
dates. We did not detect as many synergistic
effects of heating and SR as we had expected, but
there is some evidence of synergy with respect to
advancement of B. sagittata bud break and flower-
ing, and E. umbellatum bud break. Heating mark-
edly reduced frost damage on buds and increased
growth in B. sagittata. Eriogonum umbellatum also
showed increased growth under SR and HSR con-
ditions, and there was some evidence of synergy
between these two effects in 2012. Thus, a future
climate with reduced snowpack could advance
plant emergence and increase frost-killed buds,
but nighttime warming could potentially mitigate
frost damage and increase total plant growth.
If this type of shift in phenology of montane
meadow plants occurred across the landscape, it
could affect ecosystem processes because the
insect and mammals that use these plants may or
may not experience phenological shifts to the
same degree. Given that the full growing season
for B. sagittata is just under ~40 d (Fig. 5), a shift
in bud timing by 10 d or flowering by 15 d as we
observed in 2011 could have significant ecological
repercussions. Although there have been docu-
mented cases of parallel shifts in plant and insect
phenology (e.g., Bartomeus et al. 2011, Rafferty
and Ives 2011, Ovaskainen et al. 2013, Forrest
2015), the phenology of different organisms may
be regulated differently, and result in nonparallel
shifts in phenology. For example, Kudo and
Ida (2013) documented a mismatch between the
flowering onset of Corydalis ambigua and its pre-
dominant pollinator, bumble bee queens (Bombus
spp.). In that study, C. ambigua appeared to have
a greater response to early snowmelt and warmer
spring temperatures than the Bombus spp. Our
observations of emergence trends of Parnassius
clodius and their primary nectar plants, B. sagittata
(J. Sherwood, personal observation) and E. umbella-
tum (Auckland et al. 2004; J. Sherwood, personal
observation), suggest that plants and pollinators in
this system may respond differently to snowmelt
timing and temperature.
Downscaling regional climate change projections
so that we can understand the specific effect of cli-
mate change on minimum daily temperatures, and
daily maximum temperatures, will be essential for
predicting plant community responses. For exam-
ple, some plant species exposed to higher daily
minimum temperatures may experience higher
respiration rates, without a corresponding increase
in photosynthetic rates, which could lead to a
decrease in plant productivity and growth (Hughes
2000). While these higher nocturnal respiration
rates have been linked with decreases in plant
productivity and yield in some plant species
(Paembonan et al. 1992, Albrizio and Steduto
2003, Mohammed and Tarpley 2009), nocturnal
warming increased net CO2 exchange (uptake)
for species at their upper elevation limit (Ger-
mino and Smith 1999). Species-specific and con-
text-specific factors may also modulate the
responses. Many plant species can acclimate to
changes in temperature (e.g., Smith and Hadley
1974, Bunce 2008, Kositsup et al. 2009, Smith and
Dukes 2013), but there may be differences in the
response depending on growth rate (Atkin et al.
2006) or plant functional type (Bunce 2008, Smith
and Dukes 2013).
The advancement of phenology has previously
been interpreted as a positive response in terms of
the fitness of the plants because it allows the plant
more time for growth and resource allocation




























Fig. 5. Overall average leaf height (cm) of Bal-
samorhiza sagittata measured during the 2012 growing
season. Average computed for each time point over
the observations in four plots for control (C), snow
removal (SR), and heating + snow removal (HSR), and
three plots for heating (H).
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Oberbauer 2003). Therefore, we could expect that
earlier snowmelt could be beneficial for plants
because they could potentially adapt to a longer
growing season. However, there are many other
factors to consider in evaluating such responses.
For example, there may be a longer period of seed
predation if seeds are produced earlier in the sea-
son. In addition, earlier snowmelt in an ecosystem
that relies on snowpack for seasonal moisture
could lead to greater period of drought exposure.
Winter snowpack plays an important role in
ecosystems that rely on the insulating effects of
the snow. Previous studies have examined the
role that frost events may play in the survival,
growth, and reproduction of alpine plants
(Inouye 2001, 2008, Inouye et al. 2002, Larcher
et al. 2010, Hacker et al. 2011). Exposure to low-
temperature events could increase if the snow-free
season is extended due to earlier snowmelt (Groff-
man et al. 2001, IPCC 2013). Increasing daytime
temperatures are leading to earlier snowmelt and
advanced plant phenology, yet springtime frost
events have not been eliminated. Decreasing
snow cover leaves the plants exposed to lower
temperatures and potential frost events because
of the lost insulating capacity of snow (Sakai and
Larcher 1987, Taschler and Neuner 2004). Spring-
time flower budding is tightly linked to the
plant’s reproductive efforts, and flower buds are
particularly vulnerable to frost damage. Thus,
earlier plant emergence and development due to
advanced snowmelt date could lead to more fre-
quent and more serious frost damage (Molau
1997, Price and Waser 1998, Inouye et al. 2002,
Inouye 2008) resulting in decreased plant repro-
duction. Our SR treatments further supported the
importance of early-season snow cover in protect-
ing early-emerging plant species from frost dam-
age. If the number of buds and flowers damaged
during a particularly cold, snow-free spring is
widespread, it could be extremely detrimental to
plant reproduction. One bad year for reproduc-
tion may not be as important in a long-lived
perennial such as B. sagittata, but multiple such
years could have an effect on population dynam-
ics and diversity. However, if nighttime tempera-
tures remain higher due to increased cloudiness
or other factors, the early-emerging plant species
may not be as greatly affected by freezing events,
as shown by the combination of SR and passive
warming in our experiments.
In summary, SR advanced phenological events
for both plant species we examined, but heating
had differential effects. Heating increased growth
and reduced frost-killed buds in the early-
blooming, large-leafed, and herbaceous B. sagittata.
However, SR had a greater effect than heating
on growth in the later-blooming, small-leafed,
and woody E. umbellatum. Thus, the timing of
exposure (SR) and photoperiod effects are strong
drivers of phenology in this system and the sus-
ceptibility of these species to changes varied with
their life history patterns.
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